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Abstract 
This paper summarizes the development of a new numerical simulator for environmental impact assessment of CO2
geological storage and the results of case studies. The simulator is developed by coupling the multiphase fluid flow 
simulator TOUGH2 and an open-source FEM code FrontISTR. Case studies for In Salah CO2 storage project are 
conducted to assess the validity of the developed simulator. Then, sensitivity analyses for physical parameters 
corresponding to pore space and rock rigidity are conducted. Results are consistent with measured data and suggest 
the validity of the simulator. 
© 2013 The Authors. Published by Elsevier  Ltd.
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1. Introduction 
It is required in Japan to develop a high-performance numerical simulator for implementing CCS 
which can predict secondary environmental impacts on ground water pressure increase and ground surface 
deformation near the living space accompanied by large-scale CO2 injection. It is also important as a 
component technology for evaluating safety of CCS and building social confidence. 
We developed a numerical simulator for environmental impact assessment, which can solve the 
coupled simulation of CO2 fluid flow and geomechanical deformation. TOUGH2/ECO2N[1][2] is adopted 
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as the multiphase fluid flow simulator because it is readily available and has been widely used in a large 
number of CCS projects. FrontISTR [3], which is an open-source FEM code developed in the University 
of Tokyo, is adopted as the geomechanical simulator. 
The study on simulation of ground surface uplift accompanied by CO2 injection, comparing with 
measured data of In Salah project in Algeria, has been conducted by using TOUGH-FLAC [4]. We 
conducted the similar simulation for In Salah example by TOUGH-FrontISTR and assessed the validity of 
the simulator.  
2. TOUGH-FrontISTR  
2.1. FrontISTR
FrontISTR is a FEM solver, which was developed by the University of Tokyo in the national 
project ”Research and Development on Innovative Simulation Software”. It is a merit that this software is 
open-source and makes it possible to improve functions in the future. FrontISTR was developed for the 
purpose of being run by a parallel computer. The matrix solver for iterative method shows a high 
performance. 
The original FrontISTR cannot deal with pore pressure and distinguish effective stress from total stress 
because it is not designed for soil mechanics. In order to couple FrontISTR with TOUGH, FrontISTR is 
improved to be able to deal with pore pressure, effective stress, and total stress. 
2.2. Coupling method of  TOUGH-FrontISTR 
Coupling method of FrontISTR is basically modelled on that of TOUGH-FLAC [5]. FrontISTR takes 
pressure and temperature from the TOUGH simulation, while TOUGH takes porosity, permeability, and 
capillary pressure calculated from effective stress output by FrontISTR simulation. 
Temperature data output by TOUGH have to be interpolated from element centers to element nodes 
for FrontISTR. On the other hand, no interpolation is required for effective stress because porosity, 
permeability and capillary presure output by FrontISTR are defined in element centers of both FrontISTR 
and TOUGH. 
The weak coupling method is applied to the temporal discretization. Fluid flow simulation by TOUGH 
and mechanical simulation by FrontISTR are executed sequentially. Physical parameters are transfered 
each other at the beginning of each time step. 
3. In Salah simulation 
3.1. Simulation domain 
The simulation domain measures 10.2x10.2 km horizontally and 4.01 km vertically (see Figure 1). The 
injection zone is set at the center of the deep aquifer, covering the width of 107.4m (2 elements), the 
length of 1,500m (6 elements), and the depth of 20m (1 element). 
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Domain
X-range : -3960m -- +50m
Y-range : -5100m -- +5100m
Z-range : -5100m -- +5100m
Number of Nodes
23 x 23 x 21 = 11109
Number of Elements
22 x 22 x 20 =  9680
10.2 km
10.2 km
4.01 km
Fig 1. Model geometry used in the simulation 
3.2. Rock properties 
The rock properties used in the simulation are shown in Table 1. The whole domain is devided to four 
lithologies refering to existing papers like IPCC Special Report [6]. Two values of caprock permeability 
are given for sensitivity analysis. 
Table 1. Material properties used in the simulation 
Layer 
Shallow
Overburden 
Caprock Injection Zone Base 
Depth (m) 0-900 900-1800 1800-1820 1820-4010 
Lithology 
Cretaceous
sandstones and 
mudstones 
Carboniferous 
mudstones 
Carboniferous 
sandstones
Mudstone 
Young’s modulus (GPa) 1.5 20 10 20 
Poisson’s ratio (-) 0.2 0.15 0.2 0.15 
Porosity (-) 0.1 0.01 0.17 0.01 
Permeability (m2) 10-17 10-21, 10-19 1.3*10-14 10-19
3.3. Initial and boundary conditions 
The initial conditions in the domain include a hydrostatic pressure distribution and a geothermal 
temperature distribution. The initial temperature at the seafloor (0 m depth) is 10ºC and that at the 
injection zone (1800-1820 m depth) is 55.3ºC. Boundary conditions and initial temperature are described 
in Figure 2. The bottom and lateral boundary conditions are no-flow Neumann conditions and the top is 
the Dirichlet condition equal to the initial condition. The top and bottom boundaries are no-flow 
boundaries. The isothermal condition is assumed in the entire simulation. CO2 is injected at a constant 
rate of 289 kt-CO2/yr over a period of 3 years. 
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Fig 2. Boundary conditions(left) and initial temperature(right) 
3.4. Simulation results 
Figure 3 shows the simulation results of distributions of vertical displacement and change in fluid 
pressure along a vertical line through a center of aquifer. Figure 4 shows the simulation results of ground 
surface uplift evolution compared with that of measured at KB501 and KB503 [4]. The simulation results 
are consistent with measured data in general. The difference of caprock permeability significantly affects 
the uplift on the ground surface. The maximum uplift of the ground surface for the caprock permeability 
of 10-21 m2 is 0.97cm, whereas that of 10-19 m2 increases to 1.72cm. For the case of a caprock permeability 
of 10-19 m2, the fluid pressure in caprock is increased(Figure 3), causing a large surface uplift. 
4. Sensitivity analysis 
Sensitivity analyses for main physical properties are conducted to examine how properties impact on 
the magnitude of vertical displacement on the ground surface. Calculation conditions are basically the 
same as the preceding section, and the target properties are porosity of caprock and base, permeability of 
caprock, and Young's modulus of injection zone. 
4.1. Model setup 
Input data is the same as described in the former section except for material properties, initial 
temperature, and lateral boundary conditions. Material properties are shown in Table 2. The initial 
temperature at the injection zone (1800-1820 m depth) is 90ºC.Lateral boundary is assumed to be 
compressed by the pressure proportional to the depth (see Figure 5). 
55.3
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Fig 3. Distributions of vertical displacement (left) and change in fluid pressure (right) along a vertical line through a center point
(caprock permeability is 10-19 m2) 
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Fig 4. Comparison of simulated ground surface uplift evolution with that of measured at KB501 and KB503 
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Table 2. Material properties used in sensitivity analysis 
Layer 
Shallow
Overburden 
Caprock Injection Zone Base 
Depth (m) 0-900 900-1800 1800-1820 1820-4010 
Lithology 
Cretaceous
sandstones and 
mudstones 
Carboniferous 
mudstones 
Carboniferous 
sandstones
Mudstone 
Young’s modulus (GPa) 1.5 20 6 20 
Poisson’s ratio (-) 0.2 0.15 0.2 0.15 
Porosity (-) 0.01 0.01 0.17 0.01 
Permeability (m2) 10-19 10-19 1.5*10-14 10-21
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Fig 5. Boundary conditions(left) and initial temperature(right) for sensitivity analysis 
4.2. Simulation results 
4.2.1. Porosity of caprock and base 
A sensitivity analysis for porosity of caprock and base is conducted for two cases: porosity of caprock 
and base 0.01 for the base case and 0.1 for the high porosity case. Figure 6(a) shows the simulation results 
of vertical displacement and changes in fluid pressure around injection zones. Magnitude of surface uplift 
is less in the high porosity case than in the base case. This is because increase in pore volume of caprock 
restrains increase in pore pressure which is to be driving force for surface uplift. 
4.2.2. Permeability of caprock 
A sensitivity analysis for caprock permeability is conducted for three cases: caprock permeability 10-19
m2 for the base case, 10-17 m2 for the high permeability case, and 10-21 m2 for the low permeability case. 
Figure 6(b) shows the simulation results of vertical displacement and changes in fluid pressure around 
injection zones. Magnitude of surface uplift is more in the high permeability case than in the base case or 
low permeability case. This is because increase in permeability of caprock promotes increase in pore 
pressure which is to be driving force for surface uplift. 
90
at injection zone 
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4.2.3. Young's modulus of injection zone 
A sensitivity analysis for Young's modulus of injection zone is conducted for three cases: Young's 
modulus 6 GPa for the base case, 10 GPa for the high Young's modulus case, and 3 GPa for the low 
Young's modulus case. Figure 6(c) shows the simulation results of vertical displacement and changes in 
fluid pressure around injection zones. Magnitude of surface uplift is more in the low Young's modulus 
case than in the base case or high Young's modulus case. This is because the ground with lower Young's 
modulus deforms more easily against the same pore pressure. 
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Fig 6. vertical uplift at the center on surface over time (left) and distribution of fluid overpressure at the center (right) ((a)
porosity cases, (b) permeability cases, (c) Young’s modulus cases) 
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5. Conclusion 
In this paper, current status of development of a simulator which solves coupled fluid flow and 
geomechanics is shown. Simulation results are consistent with measured data in the actual CCS project 
and show the validity of the simulator. It is found that differences of caprock permeability significantly 
affect the uplift on the ground surface. More sensitivity analyses for parameters such as porosity and 
permeability of caprock, Young’s modulus of aquifer show the validity of the simulator also and suggest 
the importance to set input parameters carefully. It is expected that the simulator will be evaluated by 
continuous case studies and in future utilized in CCS demonstration projects. 
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